Gross primary production (GPP) is the largest flux in the carbon cycle, yet its 41 response to global warming is highly uncertain. The temperature sensitivity of GPP is 42 directly linked to photosynthetic physiology, but the response of GPP to warming 43 over longer timescales could also be shaped by ecological and evolutionary processes 44 that drive variation community structure and functional trait distributions. Here, we 45
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INTRODUCTION 55
The carbon cycle is fundamentally metabolic (Falkowski et al. 2000) . At the 56 ecosystem level, gross primary production (GPP) represents the total amount of CO 2 57 fixed by photosynthesis into organic carbon and is the largest flux in the global 58 carbon cycle (Beer et al. 2010) transferring CO 2 from the atmosphere to the 59 biosphere, fuelling food webs and biological production (Field 1998). Understanding 60 the mechanisms that shape how temperature influences rates of GPP across spatial, 61 temporal and organisational scales is therefore an essential prerequisite to forecasting 62 feedbacks between global warming and the carbon cycle. 63
Temperature can dictate rates of GPP over short timescales through its effects 64 on photosynthetic physiology (Medlyn et al. 2002 Indeed a recent analysis demonstrated that most of the variation in terrestrial primary 71 production along a latitudinal temperature gradient could be explained by changes in 72 biomass, and after controlling for biomass, rates were independent of temperature 73 (Michaletz et al. 2014) . Such temperature invariance in biomass-specific rates of 74 primary production is counterintuitive considering the well-known exponential effects 75 of temperature on the biochemistry of metabolism (Gillooly et al. 2001 ). Furthermore, 76 it implies that selection on photosynthetic traits that compensate for the effects of 77 temperature on physiological rates could play a fundamental role in mediating the 78 effects of temperature on rates of primary production in the long-term (Kerkhoff et al. 79
2005; Enquist et al. 2007). 80
Here we investigate the interplay between the direct effects of temperature on 81 photosynthesis, local adaptation through selection on photosynthetic traits, and 82 changes in community biomass, on rates of gross primary production. We do so by 83 extending the general model for ecosystem metabolism from metabolic theory 84 responds predictably to temperature, increasing exponentially up to an optimum, 98 followed by a more pronounced exponential decline (Fig. 1a ). These thermal response 99 curves can be quantified using a modification of the Sharpe-Schoolfield equation for 100 high temperature inactivation (Schoolfield et al. 1981 The parameters in equations 1 & 2, which govern the height and shape of the thermal 113 response curve can be considered "metabolic traits" (Padfield et al. 2016) where EF " is the rate of gross photosynthesis and temperature ", and EF " 7 is the 128 rate of gross photosynthesis normalised to a reference temperature and 5 H< is the 129 activation energy of gross photosynthesis. Net photosynthesis, IF, which is the 130 amount of photosynthate available for allocation to biomass production after 131 accounting for autotroph respiration is given by, 132 where IF " is the rate of net photosynthesis at temperature ", L(" 7 ) is the rate of 134 respiration normalised to a reference temperature, " 7 , and 5 A< and 5 O are the 135 activation energies of net photosynthesis and respiration. The form of equation 5 136 implies that the temperature sensitivity of IF will not strictly follow a simple 137
Boltzmann-Arrhenius relation (see supplementary information for a derivation of 138 5 A< ). Nevertheless, we can approximate the temperature sensitivity of net 139 photosynthesis using an apparent activation energy, 5 A< , with a reasonable degree of 140 accuracy ( Fig. S7) . 141
Using Equation 4 and principles from MTE, the rate of gross primary 142 productivity per unit area, A, can be approximated by the sum of the photosynthetic 143 rates of its constituent organisms ( Fig. 1c) : 144
where PQ R " is the rate of gross primary production in ecosystem s, at temperature 146
where J is the total number of individual organisms, i, which comprise all autotrophs 148 in s. In equation 6, the apparent long-term temperature dependence of gross primary 149 production, 5 YZ , is assumed to be equal to that of the average temperature dependence 150 for individual-level gross photosynthesis, 5 H< , provided that the ecosystem-level 151 normalisation, PQ " 7 , is independent of temperature ( Fig. 1d ). However, if gF V " 7 152 or total biomass,
, exhibit temperature dependence, for example via 153 temperature driven selection on EF V " 7 or covariance between resource availability, 154 temperature and [ R , then the scaling of the activation energy from individuals to 155 ecosystems will no longer hold (e.g. 5 YZ ≠ 5 H< ). Thus, ecological processes that 156 influence [ R and evolutionary dynamics which shape variation in EF V " 7 have the 157 potential to play an integral, but as yet underappreciated role in mediating the 158 response of ecosystem metabolism to temperature if they modify the metabolic 159 capacity of ecosystem biomass pools (but see Kerkhoff et al. 2005 2016). We therefore expect EF V " 7 to exhibit temperature dependence along long-167 term thermal gradients, which in the absence of an explicit first principles derivation, 168
we can approximate as 169
where 5 _ is an adaptation parameter that characterises the change in EF V " 7 with 171 temperature owing to thermal adaptation. Substituting the temperature dependence for 172 EF V " 7 into equation 6 and simplifying, yields the following expression for the 173 temperature dependence of gross primary production, 174
Under the "hotter-is-better" model of thermal adaptation ( Fig. 1a where IF e , is the rate of net photosynthesis at irradiance, e , IF )_n is the 236 photosynthetic maximum that occurs at optimal light, e ;<= , o controls the gradient of 237 the initial slope and L is respiration, the rate of oxygen consumption in the dark. The We tested for thermal adaptation by assessing whether the parameters in eqns. 256 1 and 2 as well as the rate of gross photosynthesis at the average stream temperature, 257 EF " R varied systematically with stream temperature. We fitted the metabolic traits 258 where z is the metabolic trait at stream temperature, ", Ç(" 7 ) is the value of the trait at 262 the mean temperature across all streams, " 7 , and 5 _ is the activation energy that 263 determines how much z changes as a function of " due to thermal adaptation and É = is 264 a random effect on the intercept accounting for multiple measurements of the same 265 metabolic trait of each isolated biofilm taxon (i.e. one value each for gross and net 266 photosynthesis and respiration). We fitted eq. 11 to each metabolic trait with stream 267 temperature, flux (3 level factor with 'gross' and 'net photosynthesis' and 268 'respiration') and their interaction as fixed effects (Table S5 ). Significance of the 269 parameters were determined using likelihood ratio tests. Model selection was carried 270 out on models fitted using maximum likelihood and the most parsimonious model 271 was refitted using restricted maximum likelihood for parameter estimation. 272
273

Measuring in situ rates of ecosystem-level gross primary production 274
Ecosystem metabolism was calculated from measurements of dissolved oxygen over 275 time using the single station method (Odum 1956 ). Sensors were deployed in all 276 streams and at multiple sites within a stream where temperature gradients existed 277 within streams due to differential geothermal warming. Dissolved oxygen 278 concentration and temperature were monitored at 1-minute intervals using miniDOT 279 dissolved oxygen loggers (PME Inc) ( (Table S2) . 285
The change in O 2 concentration at a single station between two subsequent 286 measurements (∆DO) can be approximated as: 287
with [O 2 ] t the concentration of oxygen (mg L -1 ) at time t and can be modelled using a 289 framework based on the Odum's O 2 change technique (Odum 1956) : 290
where PQQ (g m -3 hr -1 ) is the composite of volumetric gross primary productivity, 292 minus volumetric ecosystem respiration, 5à (g m -3 hr -1 ) and ä is the net exchange of 293 oxygen with the atmosphere (g O 2 m -3 ). The net exchange of oxygen with the 294 atmosphere is the product of the O 2 gas transfer velocity, 4 (m min -1 ), and the O 2 295 concentration gradient between the water body and the atmosphere (temperature and 296 atmosphere corrected DO concentration at 100% saturation minus [O 2 ] t ) over the 297 measurement interval. 298
The gas transfer velocity, 4 (m min -1 ), was calculated using the surface-299 renewal model and corrected for the stream temperature: 300
where V is velocity (cm s -1 ), D is the mean stream depth (cm) adjusted for stream 302 temperature, T (Bott 1996). This value was subsequently transformed into (m h -1 ). 303 The net metabolic flux for a given measurement interval is equal to △ ÖÜ − 308 ä. During the night (where light < 5 µmol m -2 s -1 ), GPP is zero, so the net metabolic 309 flux is equal to ER. During the day, ER was determined by interpolating average ER 310 over the defined night period. GPP for each daytime interval was the difference 311 between net metabolism flux and interpolated ER. Daily volumetric rates of GPP (g 312 O 2 m -3 day -1 ) were calculated as the sum of the 15-minute rates over each 24-hour 313 period. Volumetric rates were converted to areal units (g O 2 m -2 day -1 ) by multiplying 314 by the mean water depth of the stream reach. 315
We measured autotrophic biomass density (g Chl a m -2 ) across the stream 316 catchment by taking measurements of chlorophyll a. A core of 28.27 cm 2 was 317 removed from 3 randomly chosen rocks and chlorophyll a was measured using the 318 extraction protocol detailed above. The total standing biomass, [ R , of each stream 319 reach was estimated by multiplying average biomass density by the total reach area, 320 which was estimated from the mean width and the distance upstream from the oxygen where three times the velocity of the stream (v; m d -1 ) divided by the gas transfer 324 coefficient (K 2 ; d -1 ) gives the approximation of the distance upstream integrated by 325 the single station method (d; m) (Grace & Imberger 2006). Biomass normalised rates 326 of GPP per stream (g O 2 g Chl a -1 day -1 ) were calculated by dividing areal rates of 327 GPP by the total standing biomass in the upstream reach. 328
We used linear mixed-effects modelling to investigate the temperature 329 dependence of GPP across catchment, allowing us to control for the hierarchical 330 structure of the data (e.g. variance of days nested within years nested within streams). 331
We characterised the temperature dependence of GPP with a linearised version of the 332 Boltzmann-Arrhenius function in a linear mixed effects model: 333
where PQ R " is the rate of gross primary production in stream s on year y on day d at 335 temperature T (Kelvin), 5 YZ is the activation energy (eV) which characterises the 336 exponential temperature sensitivity of photosynthetic rates, ln PQ " 7 is the average 337 rate of PQ across streams and days normalised to " 7 = 283 K (10 ºC) and É Z R/í/ì is a 338 nested random effect that characterises deviations from ln PQ " 7 at the level of d 339 within y within s. Significance of the parameters and model selection was carried out 340 as described above for the analysis of the population-level metabolic traits (Table 1) . 341
We tested for the effect of total biomass and temperature on GPP across the 342 catchment using the data from 2016 (where we also quantified autotroph biomass) by 343 undertaking a multiple regression by expanding eq. 16 to include the effect the 344 biomass on GPP: 345
where β characterises the power-law scaling of PQ " with [ R and the random 347 effects specification changed to account for deviation from ln PQ " 7 between days 348 nested within streams. Model selection was as described above (Table 1) . 349
350
Inorganic nutrients 351
Water samples for measuring dissolved inorganic nutrient concentrations (NO 2 , NO 3 , 352 NH 4 and PO 4 ; µmol L -1 ) were collected from each stream. Samples were filtered 353 (Whatmann GF/F) and stored frozen at -20 ºC for subsequent analysis using a 354 segmented flow auto-analyser (Table S3 ) (Kirkwood 1996) . 355
RESULTS 357
Population level metabolism 358
Macroscopic cyanobacteria, filamentous eukaryotic algae, and bryophytes were the 359 dominant autotrophs across the catchment (Table S4 ). To investigate how long-term 360 differences in temperature shaped variation in photosynthetic traits across the 361 catchment, we sampled the most abundant autotroph taxa from 8 streams spanning the 362 full temperature gradient and measured the acute responses of gross photosynthesis 363 and respiration to temperatures spanning 5 to 50 ºC. Gross photosynthesis and 364 respiration followed unimodal responses to acute temperature variation and were well 365 fit by equation 1 (Fig. 2a-b ). We predicted exponential declines in the metabolic 366 normalisation constants, moving from cold to warm environments, owing to the 367 effects of thermal adaptation. Consistent with this hypothesis, the log-transformed 368 rates of gross photosynthesis, (ln EF " 7 ) and respiration (ln L " 7 ) normalised to a 369 reference temperature, " 7 = 10 ºC, declined linearly with increasing stream 370 temperature with the same activation energy (5 _ = -0.64 eV; 95% CI: -1.22 to -0.05 371 eV; Fig. 2c ). Since IF " 7 = EF(" 7 ) − L " 7 , the normalisation for net 372 photosynthesis also declined with increasing temperature with an 5 _ = -0.64 eV. 373
Because the dominant autotroph taxa varied across the streams (Table S4) , the 374 decline in the photosynthetic trait, EF(" 7 ), with increasing stream temperature is 375 likely influenced by species sorting (e.g. filtering of species and traits from the 376 regional species pool). To investigate whether adaptive evolution also played a role, 377
we analysed data from only the most common genera Nostoc, which was distributed 378 across 5 streams spanning a gradient of 10.2 ºC. EF(" 7 ) , IF " 7 and L(" 7 ) also 379 decreased with increasing stream temperature in Nostoc with the thermal sensitivity 380 not significantly different from that of all the autotroph taxa together (Fig. S6 ). This 381 trend provides evidence for local thermal adaptation. An important consequence of 382 the decrease in EF(" 7 ) with increasing stream temperature was that rates of gross 383 photosynthesis at the average temperature of each stream, EF(" R ), were independent 384 of temperature ( Fig. 2d ), indicating that species sorting and adaptation led to complete 385 compensation of organism-level metabolism over the catchment's thermal gradient. 386
Both the optimum temperature, " ;<= , and " 6 , which is the temperature at 387 which half the enzymes are inactivated, were positively correlated with average 388 stream temperature (Table S5 ) providing further evidence for local adaptation. We 389 found no evidence for systematic variation in the activation or inactivation energies 390 ( 5 _ or 5 6 ) across the thermal suggesting these traits are unlikely to be under 391 temperature dependent-selection (Table S5) In contrast, we found that the average 394 activation energies of gross photosynthesis and respiration were not significantly 395 different and could be characterised by a common activation energy, 5 = 0.87 eV; 396 95% CI = 0.77 to 0.97 eV. Similarly, 5 6 , which characterises inactivation of kinetics 397 past the optimum was not significantly different between fluxes and could be 398 characterised by a common value for respiration and photosynthesis (5 6 = 4.91 eV; 399 95% CI: 3.95 -5.97 eV). 400 401
Ecosystem level gross primary productivity 402
Based on the observation that the activation energies of gross photosynthesis and the 403 adaptation parameter were of equal magnitude and opposite sign, our model for the 404 scaling of metabolism from organisms to ecosystems (Eq. 8) predicts that rates of 405 gross primary production should be independent of temperature across the catchment 406 (e.g. 5 YZ = 5 H< + 5 _ ≈ 0), provided that biomass does not covary with temperature. 407
We measured rates of in situ GPP in 11 streams across the catchment's full 408 temperature gradient in 2015 and 2016. Rates of GPP increased with average stream 409 temperature and the long-term temperature sensitivity of GPP (characterised by fitting 410
the Boltzmann-Arrhenius function [see Methods]) yielded an activation energy of 411 5 YZ = 0.57 eV (95% CI: 0.10 -1.04 eV; Fig. 3a ). 412
To investigate potential covariance between temperature and biomass, [ R , and 413 its impact on the temperature dependence of GPP, we also quantified in situ standing 414 autotrophic biomass. Autotroph biomass density, M s , increased systematically with 415 temperature across the catchment with a temperature sensitivity of 5 $ = 0.68 eV (95% 416 CI: 0.24 -1.12 eV; Fig. 3b ). The similarity between 5 YZ and 5 $ -they have 95% 417 confidence intervals that overlap -indicates that covariance between biomass and 418 temperature could be the main driver of the temperature dependence of GPP across 419 the catchment. 420
We quantified the effects of both temperature and [ R on GPP using multiple 421 regression in a mixed effects modelling framework (see Methods). The best fitting 422 model included only ln ([ R ) as a predictor (Table 1 ; Fig. 3c ) and after controlling for 423 variation in ln ([ R ) , rates of GPP were independent of temperature across the 424 catchment (Table 1 ; Fig. 3d ). These findings are consistent with predictions from our 425 model and provide evidence that systematic variation in the photosynthetic 426 normalisation owing to thermal adaptation results in complete compensation of 427 biomass-specific metabolic rates at organism and ecosystem scales. However, we also found a comparable negative temperature dependence of EF(" 7 ) in 460 the genera, Nostoc, which was distributed across 5 streams, indicating that 461 evolutionary adaptation within taxa was also an important determinant of variation in 462
this key trait among sites in our study. This finding is consistent with work 463 demonstrating down-regulation of the metabolic normalisation in a unicellular alga 464 via rapid (e.g. over 100 generations or 45 days) evolutionary adaptation to an 465 experimental thermal gradient in the laboratory (Padfield et al. 2016 ). Collectively, 466 this work highlights that changes in the metabolic normalisation result from 467 temperature-driven selection both within and across species and can give rise to 468 temperature invariance of metabolic rates along thermal gradients (Fig. 1b) . 469
Our work shows that the mode of thermal adaptation, in driving complete 470 temperature compensation of organism-level metabolism, had important implications 471 for understanding the temperature dependence of ecosystem-level GPP across the 472 catchment. GPP increased with temperature across the catchment (Fig. 3a) , but it did 473 so because biomass also positively covaried with temperature ( Fig. 3b ). After 474 accounting for biomass, GPP was independent of temperature ( Fig. 3c rates as organisms adapt to warmer environments is driven by a necessity to maintain 497 the carbon-use efficiency above a threshold when rates of respiration are more 498 sensitive to temperature than those of photosynthesis (Padfield et al. 2016 ). Yet, as 499
we have shown here, the assumption that the activation energy of respiration is 500 always larger than that of photosynthesis does not always hold. rates normalised to 10 ºC, !(" 7 ) , decrease exponentially with increasing stream 733 temperature for gross photosynthesis (green), net photosynthesis (blue) and 734 respiration (red) (d) Rates of gross photosynthesis at the average stream temperature 735 showed no temperature dependence. Fitted lines and coloured bands in (c) and (d) 736
represent the best fit and the uncertainty of the fixed effects of the best linear mixed 737 effect model. represent the best fit and the uncertainty of the fixed effects of the best linear mixed 748 effect model (Table 1) 
T opt (ºC) ln gp(T c ) Each panel is a single day of temperature variation split by each unique stream and 20 across years (2015 or 2016). The data is split into "night" (black points) and "day" 21 (yellow points) by defining night as < 5µmol m -2 s -1 (see Methods). 22 23 S1_high, 2015, 1 S1_high, 2015, 2 S1_high, 2016, 3 S1_low, 2015, 1 S1_low, 2015, 2 S1_low, 2016, 4 S1_low, 2016, 5 S1A, 2015, 1 S1A, 2015, 2 S1A, 2016, 3 S1B, 2016, 4 S1B, 2016, S7_high, 2016, 5 S9, 2016, 3 S10, 2015, 1 S10, 2015, 2 S10, 2016, 3 S11A, 2015, 1 S11A, 2015, 2 S11A, 2016, 4 S11A, 2016, 5 S11B_high, 2015, 1 S11B_high, 2015, 2 S11B_high, 2016, 4 S11B_high, 2016, 5 S11B_low, 2015, 1 S11B_low, 2015, 2 NA, 2016, 3 measured using a tracer study, where propane was bubbled continuously across the 84 width of the stream at an upstream station. Water samples were taken at a downstream 85 station and analysed by gas chromatography back in the laboratory (see for a more 86 detailed description of the methods). The change in propane concentration the over 87 the reach and the travel time were used to estimate the reaaeration rate, E (min -1 ). 88
We compared the measured values of reaeration, E (min -1 ), from Demars et al. 89
(2011) to estimated values of E derived Eq. 14 (main text) and measurements of 90 velocity, depth and temperature for those streams. We found a strong correlation 91 between modelled and measured values of E with 95% confidence intervals on the 92 slope that included unity (slope = 1.13, 95% CI: 0.76 -1.50) and an R 2 = 0.61 ( Fig.  93   S8) . Consequently, we are confident that estimates of reaeration derived from the 94 surface renewal model are robust for the streams included in our survey. 
